Objective: To determine arterial stiffness and b-amyloid (Ab) deposition in the brain of dementiafree older adults.
Hypertension is linked to cognitive impairment and the pathologic features of Alzheimer disease (AD), including neurofibrillary tangles and b-amyloid (Ab) plaques, 1 as well as small-vessel disease and white matter hyperintensities (WMH) in the brain. 2 Arterial stiffness appears to play a major role in the relationship between hypertension and its consequences in the brain; mounting evidence implicates arterial stiffness in the pathogenesis of impaired cognitive function and dementia in the elderly. 3 With the development of in vivo Ab plaque imaging (e.g., Pittsburgh compound B [PiB]-PET]), we and others have demonstrated that more than half of adults over age 80 without dementia have significant fibrillar Ab deposition, as indicated by positive PiB scans. 4 Except for APOE e4 genotype and aging, the risk factors and determinants of Ab deposition in brain are poorly understood.
Recent studies show that blood pressure (BP) is associated with brain Ab deposition as measured by PiB-PET 5, 6 ; thus, arterial stiffness may play a central role in these associations. The risk of clinical AD is higher for Ab-positive individuals with concomitant subclinical cerebrovascular disease, i.e., WMH. 7 Arterial stiffness is a well-established risk factor for subclinical cerebrovascular disease and WMH, 8 independent of other cardiovascular risk factors. 9, 10 Yet the relationship between arterial stiffness and Ab deposition is unknown. Therefore, in this observational study of very elderly adults without dementia, we evaluated the relationship of arterial stiffness with measures of brain structure, including cerebral fibrillar Ab deposition and WMH volume, considered separately and jointly.
METHODS Subjects were recruited from the Ginkgo Evaluation of Memory Study (GEMS, 2000 (GEMS, -2008 . This was a multisite, placebo-controlled, double-blind, randomized clinical trial of daily use of ginkgo biloba in 3,069 community-dwelling participants aged 72-96 years at baseline. 11 In 2009, approximately 10 months following the GEMS drug closeout visit, 194 participants from the Pittsburgh site underwent brain MRI and PiB-PET as part of the GEMS Imaging Sub-Study, detailed in Mathis et al. 4 In 2011, approximately 2 years following neuroimaging, 47% (91/194) of these GEMS Imaging Sub-Study participants without dementia returned to the clinic for measures of arterial stiffness.
Standard protocol approvals, registrations, and patient consents. This study received local institutional review board approval prior to study initiation. All participants completed the informed consent process prior to any study procedures.
PET and MRI of the brain. Details of PiB-PET data acquisition have been described previously. 4 We used the iterative mild outlier cutoff method (standardized uptake value ratio was .1.57) 12 to determine Ab positivity and compared these results to those obtained using the sparse k-means approach 13 and found them to be nearly identical. Results from the iterative outlier method are presented herein.
MRI. MRI scanning utilized a GE Signa 1.5T scanner and standard head coil, as well as MRI processing, using methods described previously. [14] [15] [16] WMH were visualized from T2-weighted fluid-attenuated inversion recovery images using an automated method for localization of WMH and quantification using a fuzzy connected algorithm with automated seed selection. 17 Total WMH volume (WMHv) was estimated by summing all voxels classified as WMH and then normalized by total parenchymal volume brain volume.
Clinical assessments. Just prior to PET imaging and MRI of the brain, participants underwent cognitive evaluation, 10-question Center for Epidemiologic Studies Depression Scale, timed walk, and inventory of their prescription and over-the-counter medications. Cognitive adjudication was performed blind to neuroimaging results by the Cognitive Diagnostic Center, taking into account historical serial cognitive assessments from the parent GEMS 11 as described in detail by Snitz et al. 18 Criteria for mild cognitive impairment (MCI) included 1-3 tests impaired at cutoffs of 1.5 SD below age-and education-adjusted means.
Arterial dynamics. Arterial stiffness was measured by pulse wave velocity (PWV) using a noninvasive and automated waveform analyzer (VP2000, Omron Co., Komaki, Japan). 19 All measures were performed under standardized conditions as previously described. 20 PWV was measured in the central (carotidfemoral [cfPWV] and heart-femoral [hfPWV]), peripheral (femoral-ankle [faPWV]), and mixed (brachial-ankle [baPWV]) vascular beds. PWV was calculated as the distance in centimeters between arterial sites of interest over time (in seconds) that the pressure waveforms traveled from the heart to the respective arterial sites. Site-specific measurements were detailed previously. 20 The average of 2 runs was calculated to determine average PWV. For baPWV, the average PWV of the left and right sides was utilized in the analysis. Validity and reliability of PWV assessment with this device has been reported. 21 Reproducibility of PWV measures was determined using intraclass correlation coefficients (ICC). ICC was higher for baPWV (ICC 5 0.97) and faPWV (ICC 5 0.96) compared to cfPWV (ICC 5 0.75).
Potential covariates. Age, height, and weight were assessed at the same time as arterial measures and used to calculate body mass index (BMI) by standard means. APOE e4 carrier genotyping and medication assessments were made during the GEMS. Antihypertensive medication use was assessed at each study visit in GEMS between 2000 and 2009. 11 For the purpose of this analysis, participants were categorized as ever using antihypertensive medication during the GEMS (2000-2008).
Statistical analysis. Differences in participant characteristics by
Ab status (Ab-positive and Ab-negative) were assessed using logistic regression adjusting for age and sex. The normality of the distributions of continuous measures of brain structure (Ab deposition, WMHv, and gray matter volume/intracranial volume) and vascular measures were assessed using histograms and univariate statistics. Intercorrelations among normally distributed measures were assessed using Pearson correlation coefficients, and by Spearman correlation coefficients for skewed measures of brain structure. Brain structure outcomes were divided into tertiles for each distribution in order to examine linearity of associations and analysis of covariance was used to calculate means and 95% confidence limits across tertiles of brain outcomes in multivariable models. Multivariable logistic regression models were constructed to determine the odds of being Abpositive per 1 SD increase in measures of arterial stiffness and pressure. Multivariable modeling made adjustment for age, sex, BMI, and antihypertensive medication use. Effect modification by sex, cognitive status, and APOE e4 allele carrier status was assessed by interaction terms within models and also by repeating logistic models after stratification by potential effect modifiers. To assess the relationship of arterial stiffness to both the individual and combined odds of having high Ab and high WMH burden, a 4-level composite variable was created that combined Ab status and WMH burden (high vs low) based upon the median split of the continuous WMHv distribution. Multinomial multivariable logistic regression was used to calculate the individual and combined odds of having high WMH and being Ab-positive relative to the referent group (low WMH and Ab-negative), adjusted for age, sex, BMI, and antihypertensive medication use.
RESULTS
The 91 participants with measures of arterial stiffness and PiB-PET had a mean age of 87 6 3 years and BMI of 26 6 5; 33% (n 5 31) were women, 15% (n 5 13/86) were APOE e4 carriers, and 15% (n 5 14) were classified as MCI at the time of neuroimaging (table 1). More than 70% (n 5 64) of participants who had PWV measured were on antihypertensive medications. Compared to the 113 remaining GEMS neuroimaging participants with PiB-PET, participants with arterial stiffness were slightly more likely to be men, to be non-APOE e4 carriers, to have higher global cognitive scores, and to have lower BP (detailed in table e-1 on the Neurology ® Web site at www.neurology.org).
Relationship between Ab deposition and PWV. The cfPWV, baPWV, hfPWV, and faPWV were highly correlated with each other (Pearson rho 5 0.50-0.62, p , 0.05), and did not differ by sex, cognitive status, APOE e4 carrier status, or antihypertensive medication use. Mean and median levels of baPWV (p , 0.01) and systolic BP (SBP) (p 5 0.04) were both higher in Ab-positive participants (table 2) . Other measures of PWV were also higher in the Ab-positive cases, but were not statistically significant. Neither diastolic BP (DBP) nor pulse rate was associated with Ab status. The odds of being Abpositive nearly doubled for every SD increase in baPWV (odds ratio [OR] [95% confidence interval (CI)] 5 1.90 [1.17-3.10]). The odds of being Abpositive increased more than 1.5 times for every 1 SD increase in SBP (OR [95% CI] 5 1.69 [1.02-2.81]). These associations with Ab status were independent of age, sex, BMI, and antihypertensive medication use. Despite strong correlations between baPWV and SBP (Spearman rho 5 0.52, p , 0.01), including baPWV and SBP in the same model (already adjusted for age, sex, BMI, and antihypertensive medication use) provided modest attenuation of SBP (p 5 0.22) and only mild attenuation of baPWV (p 5 0.06), suggesting that the effects of PWV remained correlated with but largely independent of BP. The relationship between baPWV was similar for both men and women, separately; however, the association between Ab status and SBP and hfPWV was stronger in men compared to women (data not shown). The addition of APOE e4 carrier status and cognitive status individually to each model did not modify these results.
As a continuous measure, Ab deposition was significantly correlated with baPWV, faPWV, SBP, and mean arterial pressure (MAP) (Spearman rho 5 0.22-0.33), but not with central measures of arterial stiffness (cfPWV, p 5 0.30; and hfPWV, p 5 0.11). Similar results were observed with tertiles of Ab deposition, where the mean levels of baPWV, faPWV, SBP, and MAP were higher with higher tertiles of Ab (p , 0.05 for all), adjusted for age, sex, BMI, and antihypertensive medication use (table 3) . tertiles of increasing WMHv (p for linear trend ,0.05), but the linear trend for baPWV did not reach statistical significance (p 5 0.09).
Gray matter volume was not associated with vascular measures. Continuous measures of gray matter volume were not significantly correlated with arterial pressure or stiffness (all p . 0.24). The same lack of associations with vascular measures and gray matter volume were noted across tertiles of gray matter volume (table e-2).
Arterial stiffness was worse in individuals with both high WMH and high Ab deposition. Finally, we evaluated cfPWV and baPWV in relation to the individual and combined outcomes of Ab status and WMHv. Interestingly, WMHv and Ab accumulation were not significantly correlated with each other in this sample (log-transformed WMHv and continuous Ab accumulation, Pearson rho 5 20.03, p 5 0.76). Compared to Ab-negative individuals with low WMH, a 1 SD change in baPWV or cfPWV were both significantly associated with a 2-fold to 4-fold increase in the odds of being both Ab-positive and having high WMH (table 5) . These associations held after making additional adjustments for SBP and MAP. The odds of high WMH alone was significantly associated with higher cfPWV, but not baPWV. The odds of being Ab-positive with low WMH were only slightly higher with increasing baPWV (p 5 0.15) and cfPWV (p 5 0.11).
DISCUSSION Arterial stiffness and BP were associated with severity of Ab deposition and subclinical small-vessel disease in the brains of very elderly adults without dementia. However, the associations between arterial stiffness and brain structural abnormalities were largely independent of BP and appeared to differ by type of brain abnormality and vascular bed measured. Ab deposition in the brain (a hallmark of AD) was more strongly associated with mixed measures of arterial stiffness (e.g., baPWV) than central measures, while white matter disease burden was more strongly associated with central measures of arterial stiffness alone. These associations were independent of age, sex, BMI, antihypertensive medication use, and presence of the APOE e4 allele, and were not modified by sex, cognition, or APOE e4 carrier status. Only the relationship between Ab status and hfPWV differed by sex, with stronger associations seen in men than women. While WMH and Ab deposition were not significantly correlated, co-occurrence of the two showed the strongest relationships with arterial stiffness. Each SD increase in baPWV and cfPWV was associated with a twofold to threefold increase in the odds of having combined high structural abnormalities, relative to having neither. Thus, both hypertension and arterial stiffness may contribute to the pathogenesis of white matter disease and Ab deposition in the brain of elderly adults without dementia. The observed associations between PWV and Ab deposition align with autopsy studies of amyloid and vascular pathology in hypertensive individuals and extend previous studies of BP and Ab deposition. Autopsy studies suggest that amyloid burden and other AD pathology may be associated with hypertension 22 ; lessened with hypertensive treatment, 22 such as angiotensin receptor blockers 23 ; and co-occur with vascular pathology in the circle of Willis. 24 Recent neuroimaging studies using PiB-PET suggest that BP is positively associated with the extent of Ab deposition in the brain independent of cardiovascular Table 5 Odds of structural brain abnormalities by arterial stiffness (n 5 84)
Low WMH, Ab-negative (n 5 25)
High WMH only (n 5 19)
Ab-positive only (n 5 18) disease risk factors. 5, 6 While they differ on whether SBP 5 or DBP 6 is the more important factor, they agree that arterial stiffness is likely the causal factor. We extend these findings to show that arterial stiffness, as measured by PWV, is associated with Ab deposition in the brain independent of BP and antihypertensive medication use. Arterial stiffness is more severe in subjects with hypertension, and may explain the relationship found between hypertension and increased AD pathology. 1 Elevated BP is a crude surrogate for the underlying mechanisms relating hypertension and brain structure because hypertension is a result of both increased cardiac output and arterial stiffness. Arterial stiffness is a more direct measure of vascular structure and function. It increases with age and represents the individual's susceptibility to BP elevation and the integrated effects of hypertension over time. PWV is considered the gold standard for measuring stiffness of the elastic central arteries. 25 Our results show that central and mixed measures of arterial stiffness are associated with severity of both white matter disease and Ab deposition in the brain.
The associations between arterial stiffness and abnormalities in brain structure differ by type of brain abnormality and vascular bed. baPWV was more strongly associated with Ab deposition and cfPWV with WMHv. In contrast, faPWV and hfPWV were not associated with any outcomes. The co-occurrence of high Ab deposition and high WMH was significantly associated with higher cfPWV and baPWV, independent of SBP. Traditionally, cfPWV has been considered the gold standard for measuring stiffness of the elastic central arteries (primarily the aorta). 25 Central elastic arteries tend to have different properties and risk factor associations than peripheral (more muscular) arteries, such as the femoral, brachial, or radial artery. baPWV, which includes central and portions of the peripheral arteries (e.g., femoral artery), is also becoming more widely used. baPWV is more strongly correlated with stiffness of the central arteries (i.e., with cfPWV and hfPWV) than with peripheral arterial stiffness measured by faPWV. 26 Accordingly, baPWV and cfPWV are correlated similarly with cardiovascular disease risk factors and clinical events. 27 We have reported stronger associations of coronary artery calcification 28 and weight loss/insulin reductions 20 with baPWV than cfPWV. In the present study and others, 20 cfPWV had twice the variance of baPWV, which could explain the lack of association between cfPWV and Ab status; however, it does not explain why cfPWV was more strongly related with WMHv. Measures of central stiffness may simply be associated more strongly with cardiovascular disease risk and cerebrovascular disease, while baPWV may represent another phenomenon linking systemic vascular stiffness with Ab deposition in the brain.
Higher central arterial stiffness is associated with greater WMH in the brain. 8, 10, [29] [30] [31] [32] [33] [34] baPWV is also associated with WMH 8, 33 and with silent brain infarction. 35 Associations between central arterial stiffness and greater total WMH burden are independent of MAP, age, sex, brain volume, and heart rate. 30 Central arterial stiffness and WMH reflect cerebral hypoperfusion. Accordingly, higher central measures are associated with lower cerebral perfusion in the hippocampus and the frontal and parietal white matter, 32 as well as WMH burden in specific tracts located in "watershed" regions, which are perfused by arterioles with few interconnections available to preserve blood supply in the presence of ischemia. 34 A limitation of this study is that PWV and Ab deposition were not measured at the same time, with PiB-PET preceding PWV measurement between 1 and 2.5 years. However, this gap may not necessarily limit this cross-sectional observation, since little change in markers of arterial stiffness and cerebrovascular disease is expected during the follow-up time. [39] [40] [41] [42] [43] However, amyloid deposition may have continued to accumulate. 44 We recently obtained repeat PiB-PET scans in the same participants (n 5 81) within a year (average 124.5 days) of PWV measures and found similar and stronger associations between PWV and Ab deposition presented here. Similar to the 2009 scans, follow-up PiB status (2011-12) was unrelated to age, sex, BMI, antihypertensive use, or cognition. Being Ab-positive in 2011-2012 was associated with higher baPWV (p , 0.001) and faPWV (p 5 0.011) but not SBP (p 5 0.161) after adjustment for age and sex. In models adjusting for age, sex, BMI, and antihypertensive medication use, each SD increase in baPWV and faPWV corresponded to a fourfold increase in the odds of being Ab-positive at the follow-up PiB-PET. This study provides important insights into the relationship between systemic arterial stiffness and amyloid deposition in the brain. It is possible that increased arterial stiffening has direct impact on penetrating arterioles of the brain, leading to altered structure and function, with subsequent effects on perivascular amyloid clearance from brain via the CSF drainage along the perivascular space. 36 This may contribute to a disruption of vascular dynamics and complicate perivascular flow of Ab, 37 thus indirectly causing decreased Ab clearance leading to plaque formation. 38 Further research is needed to determine the temporality of the relationships between arterial stiffness, cerebrovascular disease, and Ab deposition.
This study provides insight into the associations between arterial stiffness and Ab deposition in the brain, which may be independent of BP and therefore hypertension. Our study adds to the growing literature that arterial stiffness is associated with subclinical cerebrovascular disease as indicated by WMHv. 39, 40 Furthermore, higher arterial stiffness is associated with the co-occurrence of high Ab deposition and high WMHv, which has been suggested to be a "double hit" that may contribute to the development of AD. Further research is needed to determine if the links between central arterial stiffness and WMH are separate from those linking systemic arterial stiffness and amyloid deposition in the brain.
